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ABSTRACT 
Viscous torque (windage) of a Lundell-type r o t o r  having a 
major diameter of 8 inches and r o t a t i n g  w i t h i n  a concent r ic  
housing was measured a t  speeds up t o  36,OOQrpm. Radia l  a i r  
gaps of 0.039 and 0.080 inch, corresponding t o  gap-to-radius 
r a t i o s  of 0.01 and 0.02, were t e s t ed .  The 8-inch diameter 
c y l i n d r i c a l  s e c t i o n  of t h e  housing was t e s t e d  with a smooth 
inner  su r face  and with an inner  su r face  having a x i a l  slots t o  
s imula te  t h e  winding s l o t s  i n  an a c t u a l  a l t e r n a t o r .  I n  the  
turbulent-f low regime, power loss f o r  a s l o t t e d  housing i s  30 
t o  40 percent  h igher  than f o r  a smooth housing. 
due t o  t h e  pumping e f f e c t  of t h e  con ica l  s ec t ions  was measured; 
co Pressure rise 
k cn 
I 
m t h i s  pressure  rise can be ca l cu la t ed  using equat ions f o r  en- 
w closed r o t a t i n g  d i sc s .  
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SUMMARY 
Viscous torque (windage) of a Lundell-type r o t o r  having a 
major diameter of 8 inches and r o t a t i n g  wr th in  a concen t r i c  hous- 
i ng  was measured a t  speeds up t o  36,000 rpm. Radial  a i r  gaps of 
0.039 and 0.080 inch, corresponding t o  gap-to-radius r a t i o s  of 
0.01 and 0.02, were t e s t e d .  The 8-inch diameter c y l i n d r i c a l  sec- 
t i o n  of t h e  housing was t e s t e d  w i t h  a smooth su r face  and a s u r f a c e  
machined with axial  s l o t s  t o  s imula t e  t h e  winding s l o t s  i n  a n  
a c t u a l  a l t e r n a t o r .  Power loss f o r  a s l o t t e d  s t a t i o n a r y  c y l i n d e r  
ope ra t ing  i n  the  tu rbu len t  flow regime i s  30 t o  40 percen t  h ighe r  
than f o r  a smooth cy l inde r .  Pressure rise due t o  t h e  pumping 
e f f e c t  of t h e  c o n i c a l  s e c t i o n s  w a s  measured. It was  found t h a t  
p re s su re  r ise f o r  a r o t a t i n g  c o n i c a l  s e c t i o n  c a c  be c a l c u l a t e d  
us ing  equat ions f o r  enclosed r o t a t i n g  d i s c s ,  
&rih 
INTRODUCTION 
The Lundell  generator  is  being i n v e s t i g a t e d  f o r  use i n  Brayton- 
cycle space power systems ( r e f .  1). A t  t h e  speeds involved (24,000 
rpm and 36,000 rpm) windage l o s s  becomes high and r e s u l t s  i n  s i g n i f i -  
cant h e a t  flow i n  the e l e c t r i c a l  generator .  This e f f e c t  must be i n -  
c luded i n  the  genera t o r  therma 1 design. 
Turbulent v e l o c i t y  p r o f i l e s  developed i n  t h e  r o t o r - s t a t o r  gap 
represented by Reynolds numbers up t o  100,000 are w e l l  above t h e  
l e v e l s  previously inves t iga t ed .  Taylor, Vohr, and Wendt ( r e f s .  2 ,  
3 and 4 )  have s tud ied  t u r b u l e n t  flow (Reynolds .numbers above 7000) 
f o r  concen t r i c  r o t a t i n g  c y l i n d e r s  w i th  Reynolds numbers as high as 
40,000. These high Reynolds numbers, however, were obtained using 
l a rge  gap widths;  e.g., gap-to-radius r a t i o s  of 0.1 t o  0.23 ( r e f s .  
2 and 3 ) ,  
l o s s e s  f o r  concen t r i c  r o t a t i n g  cy l inde r s  with Reynolds numbers as 
high as 100,000 using gap-todradius r a t i o s  of 0.01 t o  0.04. 
are  t h e  gap s izes  considered f o r  designs of space-power a l t e r n a t o r s .  
Reference 5 presen t s  a preliminary study of windage 
These 
S tud ie s  of enclosed d i s c s  r o t a t i n g  i n  the  t u r b u l e n t  flow regime 
can be found i n  refcirences 6 and 7. The gap-to-radius r a t i o s  f o r  
t hese  i n v e s t i g a t i o n s  ranged from 0.01 t o  0.22. No information w a s  
a v a i l a b l e  on enclosed r o t a t i n g  c o n i c a l  s ec t ions .  
were needed t o  extend the  e x i s t i n g  information f o r  i nco rpora t ion  i n t o  
t h e  design of f u t u r e  e l ec t r i ca l  generators .  
Experimental d a t a  
A Lundell-type r o t o r  having a major diameter of 8 inches was 
r o t a t e d  a t  speeds from 0 t o  36,000 rpm, Two gap widths,  0.039 
and 0.080 inch (gap-to-radius r a t i o s  of 0-01  and 0-02) were t e s t e d .  
The housing ( s t a t o r )  enclosure w a s  mounted on a react ion-torque de- 
v i c e  s o  t h a t  viscous drag from the  r o t o r  would be measured. The 
housing was made i n  f i v e  s e p a r a t e  and r i g i d l y  connected s e c t i o n s  
corresponding t o  t h e  change i n  c r o s s  s e c t i o n  of t h e  r o t o r .  The 8- 
inch diameter c y l i n d r i c a l  s e c t i o n  of the housing was t e s t e d  w i t h  a 
smooth su r face  and a s u r f a c e  machined wi th  a x i a l  s l o t s  t o  s imulate  
the winding s l o t s  i n  an a c t u a l  a l t e r n a t o r .  A l l  tests were run  i n  
ambient a i r .  
APPARATUS AND PROCEDURE. 
Rotor-Housing Configurat ion 
The tes t  u n i t  ( f i g .  1) cons i s t ed  of a r o t o r  mounted on a i r - o i l -  
m i s t  l u b r i c a t e d  b a l l  bear ings and a housing ( s t a t o r )  a t t ached  t o  a 
" f loa t ing"  support  t ab l e .  S t r a i n  gages mounted i n  fou r  f l e x u r e  arms 
held the  housing and support  t a b l e  s o  t h a t  i t  would p ivo t  about the 
r o t o r  axis. Reaction torque (viscous drag) between t h e  r o t o r  and 
housing w a s  measured by means of a Wheatstone b r idge  c i r c u i t  connecting 
the  s t r a i n  gages. 
motor and two tandem gear u n i t s  w a s  used t o  d r i v e  the r o t o r .  A 
sp l ined  coupling connected t h e  r o t o r  t o  t h e  d r i v e  system. 
A var iable-speed dynamometer c o n s i s t i n g  of a dc 
Dimensions f o r  t h e  Lundell  r o t o r  shown i n  f i g u r e  1 a r e  given i n  
Surfaces  were ground t o  less than a 16-micro- 
f i g u r e  2. The r o t o r  was made from a h e a t - t r e a t e d  forging of a low- 
a l l o y  vanadium s teel .  
inch s u r f a c e  f i n i s h .  
Tes t ing  Sequence 
The aluminum housing cons i s t ed  of f i v e  s e c t i o n s ,  each s p l i t  
a x i a l l y  so  t h a t  i t  could be mounted or removed without a f f e c t i n g  
the t es t  r o t o r  ( f ig .  1 ) .  Tests were performed on the c e n t e r  cy- 
l i n d r i c a l  s e c t i o n  and the complete housing assembly. A l l  par ts  
were doweled or keyed together  s o  t h a t  t h e  machined alignment of 
t he  p a r t s  could be reproduced. A f t e r  a complete series of tests 
had been performed on a set  of smooth-surface housings,  t he  c e n t e r  
c y l i n d r i c a l  s e c t i o n  of t h e  housing was remachined wi th  a x i a l  s l o t s  
t o  s imula t e  a l ternator-winding s l o t s ,  These s l o t s  were 0.119 inch 
wide by 0.010 inch deep spaced 6 degrees a p a r t  f o r  a t o t a l  of  60 
s l o t s .  The e n t i r e  housing w a s  then remachined t n  a l a r g e r  r a d i a l  
gap f o r  t h e  second series of tests with a smooth housing. Then 
a x i a l  s l o t s  were aga in  machined i n t o  t h e  main c y l i n d r i c a l  s e c t i o n  
f o r  second series of tests with a s l o t t e d  housing. The two r a d i a l  
gap s i z e s  used were 0.039 and 0.080 inch. 
The r o t o r  was run  a t  speeds up t o  27,000 rpm f o r  t h e  smaller 
gap and 36,000 rpm f o r  the l a r g e r  gap. 
tude measured e a r l y  i n  t h e  tes t  program l imi t ed  the  peak speed. 
Excessive v i b r a t i o n  ampli- 
2 
Data measured s e v e r a l  times a t  t he  same test  cond i t ion  were com- 
pared t o  v e r i f y  r e p r o d u c i b i l i t y  of t he  d a t a .  A test  c o n s i s t e d  of 
measuring torque, speed and temperature f o r  the p o r t i o n ( s )  of t he  
housing mounted on the r e a c t i o n  torque device.  For the  0.080 inch 
gap, pressure measurements were a l s o  taken t o  determine the pump- 
i n g  e f f e c t  (pressure r i s e )  of the c o n i c a l  s ec t ions .  D i f f e r e n t i a l  
p re s su re  was measured w i t h  both c o n i c a l  s e c t i o n s  mounted, deadhead 
p res su re  rise. A l l  tests were performed i n  ambient a i r .  
INSTRUMENTATION 
Instrumentat ion cons i s t ed  of rotat i -1  speed, torque, tempera- 
t u r e ,  and d i f f e r e n t i a l  p re s su re  sensors .  
Speed was measured by means of  a magnetic pickup and a 60-tooth 
gear  on the s h a f t  of t he  dynamometer. The s i g n a l  generated was s e n t  
t o  a counter  and recorded. 
w i t h i n  5 rpm. 
Ro ta t iona l  speed could be c o n t r o l l e d  
Torque measurements were made using a r e a c t i o n  torque device 
(-fig. 1). S t r a i n  gages are loca ted  i n  fou r  f l exure  arms s o  t h a t  
they sense torque about only one axis, This a x i s  was made t o , c o -  
i n c i d e  wi th  t h e  a x i s  of t h e  r o t o r  and i t s  housing. Any torque de- 
veloped about t h i s  sensing a x i s  w i l l  produce a s t r a i n  p ropor t iona l  
t o  t h e  torque, A l l  tare torques o r  loads remain cons t an t  and a r e  
compensated f o r  by c a l i b r a t i o n .  The torque u n i t  w a s  c a l i b r a t e d  by 
hanging accu ra t e ly  known weights from a c a l i b r a t i o n  arm t o  produce 
known torques.  Measurements were r epea tab le  w i t h i n  0.03 i n - l b ,  a l -  
though measurements could be taken a t  less than 0.01 i n - l b  i n c r e -  
ments. The s t r a i n  gage output  from t h e  Wheatstone br idge c i r c u i t  
was measured on an i n t e g r a t i n g  d i g i t a l  vol tmeter .  A 1 t o  2 percent  
v a r i a t i o n  e x i s t e d  i n  the  s i g n a l  output.. Torque measurements taken 
a t  8000 rpm are approximately 5 percent  accurate .  The accuracy in -  
creases with t h e  speed. 
A l l  temperatures were measured using i ron-constantan type J 
thermocouples. A t o t a l  of 13 thermocouples was mounted on t h e  
housing, each extending halfway i n t o  the  gap, The thermocouple 
h o l e s  i n  the  housing i n s i d e  diameter were 0.040 inch. 
A 2,5-psi d i f f e r e n t i a l  p re s su re  transducer was used t o  measure 
t h e  pumping e f f e c t  of t h e  c o n i c a l  s ec t ions ,  
p re s su re  t aps  i s  shown i n  f i g u r e  2. 
c a l i b r a t e d  a g a i n s t  a p r e c i s i o n  Bourdon tube pressure gage.. An in -  
t e g r a t i n g  d i g i t a l  vol tmeter  measured t h e  s i g n a l  emitted by the  
t ransducer .  
The l o c a t i o n  of t h e  
The p res su re  t ransducer  was 
DISCUSSION OF RESULTS 
The test  s e c t i o n  of the apparatus  cons i s t ed  of a smooth Lundell- 
type r o t o r  r o t a t i n g  w i t h i n  an open-ended s t a t i o n a r y  concen t r i c  housing. 
3 
Viscous drag fo rce ,  F, may be  expressed as follows: 
where 
(A) ( P u2 1 
2 
= drag c o e f f i c i e n t  
P = d e n s i t y  
U = su r face  speed of r o t o r  
A = s u r f a c e  a r e a  of r o t o r  
The e f f e c t  of p re s su re  drag f o r c e  i s  assumed n e g l i g i b l e  ( r e f ,  8). 
For a c y l i n d r i c a l  r o t o r ,  t h i s  expression may be r e w r i t t e n  as 
where 
A= T_ 
p f w 2 R 4 ' L  (2) 
T = torque 
W = angular  speed of r o t o r  
R = r a d i u s  of . r o t o r  
L = length of r o t o r  
Nandimensional curves are p l o t t e d  i n  f i g u r e  (3 of drag co- 
e f f i c i e n t  vs. Reynolds number f o r  t h e  8-inch c y l i n d r i c a l  s ec t ion .  
The curves presented are f o r  the two gap s i z e s ,  0.039 and 0.080 
' inch, w i t h  the  s l o t t e d  and uns lo t t ed  housing, Here Reynolds number 
i s  def ined as 
Re = - UD (3) 
Y 
where t h e  c h a r a c t e r i s t i c  dimension D is the  r a d i a l  gap between s t a t o r  
and r o t o r ,  and )r is  kinematic v i s c o s i t y .  
An assumption was  made t h a t  t he  p re s su re  i n  the  gap remained am- 
b i e n t  s i n c e  t h e  housing w a s  open-ended. The temperature used t o  cal- 
c u l a t e  Reynolds number w a s  taken as t h e  gap temperature i n  t h e  c e n t e r  
of t he  housing. The e f f e c t  of using t h i s  hot-spot  temperature, r a t h e r  
than an average, had a n e g l i g i b l e  e f f e c t  on t h e  curves. Thermocouple 
instrumentat ion ind ica t ed  t h a t  t h e  temperature p r o f i l e  f o r  t he  ax ia l  
length of t he  housing was symmetric, 
Eight-inch C y l i n d r i c a l  Sec t ion  
The p l o t t e d  p o i n t s  f o r  drag c o e f f i c i e n t  of t h e  s l o t t e d ' v s .  un- 
s l o t t e d  housing i n  f i g u r e  3 coincide f o r  the lower Reynolds numbers. 
The curves for t h e  0.039-inch gap sepa ra t e  a t  an approximate Reynolds 
number of 2000 whi l e  t he  0.080-inch gap s e p a r a t i o n  p o i n t  is approxi- 
mately 4000, Both p o i n t s  correspond t o  approximately 3000 rpm, The 
increased power loss  f o r  t h e  a x i a l  s l o t s  w a s  approximately 35 percent  
a t  t h e  h ighe r  Reynolds numbers. 
Figure 3 shows t h a t  t h e  curves of drag c o e f f i c i e n t  a r e  w i t h i n  5 
percent  of each o t h e r  a t  the higher  Reynolds numbers, This r e s u l t  i s  
4 
supported by Taylor i n  r e fe rence  2. Drag c o e f f i c i e n t s  f o r  the 
smaller  gap s i z e s  a r e  lower than f o r  the l a rge r  gap. A s lope  
change f o r  the  smooth housing occurs a t  an approximate Reynolds 
number of 5000 t o  7000, This i s  caused by the change from vor t ex  
t o  turbulen t  flow ( re f .  3 ) .  The value of the s lope changes from 
approximately -0.5, which c o r r e l a t e s  with re ferences  3 and 4 f o r  
laminar flaw t o  approximately -0.25 i n  the  turbulen t  range. 
Lund e 11 -Shaped Housing 
The p l o t s  of speed vs. windage f o r  the  complete ro to r -uns lo t t ed  
housing combination are p l o t t e d  i n  f igu re  4. 
was  c a l c u l a t e d  using equat ion (1). The p l o t  f o r  the 0.039-inch gap 
shows t h a t  windage i s  p ropor t iona l  t o  speed t o  approximately the 2.74 
power whi le  f o r  the  0.080-inch gap the power p r o p o r t i o n a l i t y  is  
approximately 2.82. Windage i s  seen t o  be an inverse func t ion  of gap 
s i z e .  
Windage power loss ,  W, 
Pump C h a r a c t e r i s t i c s  of Conical Sect ion 
Pressure rise due t o  the  pumping e f f e c t  of the  c o n i c a l  r o t o r  
s e c t i o n s  was measured f o r  the  0.080-inch gap housing. D i f f e r e n t i a l  
p re s su re  between the  5-inch diameter c y l i n d r i c a l  s e c t i o n  and the  8- 
inch c y l i n d r i c a l  s e c t i o n  was measured. Figure 5 p re sen t s  the  p re s su re  
r i s e  (head) vs.  speed curve and shows t h a t  the head rise v a r i e s  as 
the  speed squared. The deadheaded p res su re  rise can be accu ra t e ly  
p red ic t ed  using the method descr ibed i n  r e fe rence  7 f o r  enclosed 
d i sc s .  
h a l f  the r o t o r  speed. 
The assumption i s  made t h a t  the average core v e l o c i t y  i s  one- 
SUMMARY OF RESULTS 
A Lundell-type r o t o r  having a major diameter  of 8 inches was 
r o t a t e d  i n  air  a t  speeds up t o  36,000 rpm ins ide  a s t a t i o n a r y  con- 
c e n t r i c  housing. Two r o t o r - s t a t o r  gaps were t e s t ed ,  0.039 and 0.080 
inches.  The c e n t e r  c y l i n d r i c a l  s e c t i o n  of the housing was t e s t e d  
wi th  a smooth sur face  and wi th  a x i a l  s l o t s  t o  s imulate  a l t e r n a t o r  
winding s l o t s .  Resul ts  of t he  test  were: 
1. Power l o s s  f o r  a s l o t t e d  s t a t i o n a r y  cy l inde r  operat ing i n  the 
tu rbu len t  flow regime is  approximately 35 percent  higher  than f o r  a 
smooth cy l inder .  Drag c o e f f i c i e n t s  f o r  the  s l o t t e d  cy l inde r  coin-  
c ided  wi th  the  curves f o r  t he  u n s l o t t e d  cy l inde r  u n t i l  approximately 
3000 rpm, 
2. 
a t  approximately 5000 t o  7000 Reynolds number, corresponding t o  the 
change from v o r t e x  t o  t u r b u l e n t  flow. 
The curves of drag c o e f f i c i e n t  vs.  Reynolds number changed s lope 
3. Power lo s ses  decreased as the  gap s i z e  increased. 
5 
4 .  Pressure rise f o r  a r o t a t i n g  c o n i c a l  s e c t i o n  can be ca l cu la t ed  
using equat ions for  enclosed r o t a t i n g  d i sc s .  The conica l  s e c t i o n s  
a c t  a s  t y p i c a l  pumps, with the  head rise p ropor t iona l  t o  speed 
squared e 
Lewis Research Center,  
National Aeronautics and Space Administration, 
Cleveland, Ohio, September 25, 1970. 
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